ABSTRACT: This work reports a new method of synthesizing anhydrous lithium sulfide (Li 2 S) nanocrystals and demonstrates their potential as cathode materials for advanced rechargeable batteries. Li 2 S is synthesized by reacting hydrogen sulfide (H 2 S) with lithium naphthalenide (Li-NAP), a thermodynamically spontaneous reaction that proceeds to completion rapidly at ambient temperature and pressure. The process completely removes H 2 S, a major industrial waste, while cogenerating 1,4-dihydronaphthalene, itself a value-added chemical that can be used as liquid fuel. The phase purity, morphology, and homogeneity of the resulting nanopowders were confirmed by X-ray diffraction and scanning electron microscopy. The synthesized Li 2 S nanoparticles (100 nm) were assembled into cathodes, and their performance was compared to that of cathodes fabricated using commercial Li 2 S micropowders (1−5 μm). Electrochemical analyses demonstrated that the synthesized Li 2 S were superior in terms of (dis)charge capacity, cycling stability, output voltage, and voltage efficiency.
INTRODUCTION
Rechargeable batteries are ubiquitous power sources in our modern society. Their applications span from personal devices to national defense, from chemical sensors to human health, and from ground transportation to spacecrafts. 1−3 Currently, the most advanced rechargeable batteries are lithium-ion batteries (LIBs, which typically employ graphite anodes and lithium−cobalt oxide cathodes). 4 While they are superior to conventional counterparts (such as nickel−cadmium batteries), more advanced LIBs and beyond-lithium technologies with higher specific energy (energy per unit mass), higher energy density (energy per unit volume), lower cost, and safer chemistry/fabrication are imperative to meet the demand of sustainable development. 4 Lithium−sulfur (Li−S) batteries are widely considered the most promising power sources in the near future for developing more advanced portable devices, electric vehicles, and stationary energy-storage facilities. 5 Compared with the currentgeneration LIBs, Li−S batteries hold two remarkable advantages: 5, 6 (1) presenting higher specific energy (2600 vs 580 Wh/kg) and energy density (2200 vs 1800 Wh/L); (2) using earth-abundant and cost-effective materials in the cathode (S vs Co). However, the direct use of a lithium metal anode and a sulfur cathode ensues some challenges. 7−9 First, cycling can lead to the formation of harmful dendrites on the lithium metal anode, which can grow and penetrate the separator, potentially causing short-circuit, thermal runaway, and even severe fire. 8, 10 Second, it is difficult to engineer the sulfur cathode to provide sufficient void space to accommodate the 80% volume expansion that accompanies lithiation, which often pulverizes the electrode and damages the electrical contact. 8 An alternative approach that avoids these problems is to use lithium sulfide (Li 2 S) as the cathode. 11 While Li 2 S and sulfur are both poor electronic and ionic conductors, which would typically preclude their use in electrochemical applications, Li 2 S presents several advantages. 11 First, the use of Li 2 S avoids the problems associated with lithium metal anodes, and it can directly be paired with existing anode materials (graphite) as well as new lithium-free materials (such as silicon and tin) for assembling batteries. 12 The practical specific energy of Li 2 S−Si (930 Wh/kg) is close to that of a Li−S battery (1000 Wh/kg). 9 Second, because of its much higher melting/boiling points, Li 2 S permits a wider temperature window for electrode fabrication. 4 Third, Li 2 S is fully lithiated, not a requiring preset void space around Li 2 S particles for accommodating the detrimental volume fluctuations that occur during the charge/discharge cycles. 13, 14 Fourth, although a dry room or glovebox is required for electrode fabrication, 9 Li 2 S allows batteries to be assembled in the "discharged" state, a safer and more cost-effective process. 8 Moreover, recently, scientists showed that the issues of poor electronic and ionic conductivity for Li 2 S could be overcome by either applying a high activation potential or using nanoparticles. 4, 9, 15 Therefore, Li 2 S nanoparticles are highly desirable for developing Li−S batteries; a large demand is expected in the near future.
However, commercially, Li 2 S is only available as micropowders, reflecting high-temperature processes used for industrial synthesis. 16, 17 The primary techniques are 16 
Because lithium and sulfur both are very reactive at elevated temperatures, the operation of reaction (1) is challenging, although it is a thermodynamically favorable reaction. An alternative way of running reaction (1) is to dissolve lithium in liquid NH 3 at <−33°C, but this approach brings additional complications. Reactions (2) and (3) are endothermic carbothermal reduction processes that require high temperatures and produce greenhouse gas. In addition, product purification in these three methods is also expected to be complicated and costly because at least one reactant is in the same phase as Li 2 S. Another drawback of current approaches is the size of the resulting powders (1−10 μm). It is commonly reported in the battery literature that nanostructured materials are superior to their bulk counterparts. 11 Large surface/volume ratios promote thorough lithiation/delithiation [high (dis)charge capacity], fast diffusion (high rate capability), and mechanical resilience (high cycling stability).
11 Current approaches to convert Li 2 S micropowders into nanocrystals include ball milling 9,20−24 and recrystallization of dissolved Li 2 S, 4,25−28 but these approaches are both energy-intensive and time-consuming. A more elegant strategy would be the direct synthesis of Li 2 S nanocrystals. One approach being pursued is chemical/electrochemical lithiation of sulfur nanoparticles, 12,15,29−31 but this multistep process requires synthesis of well-dispersed sulfur nanoparticles. Recently, two research groups reported direct syntheses of Li 2 S nanocrystals by reacting lithium sulfate with carbon precursors at high temperatures (820−900°C) for >2 h. 32, 33 Elam et al. synthesized amorphous Li 2 S nanofilms using a vapor-phase atomic layer deposition via alternating exposure to lithium tert-butoxide and hydrogen sulfide. 34 However, it seems challenging for these methods to produce Li 2 S nanocrystals at large scale.
This work reports a scalable, high-throughput, room temperature approach to synthesizing Li 2 S nanocrystals, by reacting hydrogen sulfide (H 2 S) with lithium naphthalenide (Li-NAP), a thermodynamically spontaneous reaction that proceeds to completion rapidly at ambient pressure. The simple reaction directly generates Li 2 S nanocrystals that precipitate out of solution, allowing easy recovery and purification. Because the value of Li 2 S is many times higher than that of lithium, the cost of lithium seems less likely to be a limiting factor for industrial production. Furthermore, ancillary benefits of this reaction include the removal of H 2 S, a hazardous waste requiring abatement, and the production of 1,4-dihydronaphthalene, itself a value-added product with applications as an industrial solvent and a fuel additive. 2.2. Synthesis of Li 2 S. The first step is to make the 0.04 M lithium naphthalenide (Li-NAP) solution in DME by adding Li grains and NAP powder at a molar ratio of Li:NAP = 1:1.3 into DME in an argon-protected glovebox. A total of 2 h of stirring produced a darkgreen solution. After that, a Parr reactor (model 4793) was charged with 50 mL of the Li-NAP solution and connected to the H 2 S stream (10% in argon). Figure S1 illustrates the schematic diagram and photograph of the apparatus. Initially, the H 2 S/Ar mixture at a rate of 40 sccm flowed through a bypass line at ambient temperature and pressure to create a baseline reading. Afterward, the H 2 S/Ar stream was switched to the Li-NAP solution. An online quadrupole mass spectrometer (QMS; Stanford Research Systems RGA300) was employed to analyze the effluent. The molar ratio between Li-NAP and H 2 S consumed was controlled by the H 2 S-flowing duration.
Subsequently, in the glovebox, centrifugation was employed to separate the solid product out of the reaction solution. The collected solid powder was washed with DME a few times before being dried for further analysis. The production yield of Li 2 S on the basis of lithium was about 95.6%, which was very satisfactory considering some loss of sample in the solution. The liquid phase was taken out of the glovebox and then concentrated via rotary evaporation to 1 / 5 of the original volume. The collected solution was kept in the glovebox for further analysis.
2.3. Product Characterization. X-ray diffraction (XRD) patterns were collected on a Philips X'Pert X-ray diffractometer using Cu Kα radiation (λ = 0.15405 nm). The sample was prepared in a glovebox by pressing the solid product into a thin film on a glass substrate. To avoid harmful reactions due to unavoidable air exposure during measurements, the solid was immediately covered with a drop of dried mineral oil in the glovebox. The background contribution from mineral oil was subtracted and corrected. Scanning electron microscopy (SEM) images were taken on a field-emission scanning electron micrometer (JEOL JSM-7000F). The sample was prepared by immobilizing the obtained Li 2 S powder on an aluminum stub using double-sided carbon tape. The accelerating voltage was 5 kV. Thermogravimetric analysis (TGA) was performed using a Q50 thermogravimetric analyzer (TA Instruments). The sample was prepared by pressing Li 2 S powders into pellet inside an argon-filled glovebox. Before each run, the sample holder (an alumina pan) was cleaned by heating the furnace under air to 800°C for 15 min. To eliminate the influence of physisorbed gases during sample preparation, samples were also preheated at 50°C for 30 min before collecting the valid TGA data. The nitrogen flow rate for the balance compartment and the argon flow rate for the sample compartment were 40 and 60 mL/min, respectively. The temperature ramp rate was 2°C/min.
The composition of the liquid supernatant produced by the reaction was analyzed by 1 H NMR (JEOL ECA-500) and gas chromatography−mass spectrometry (GC−MS). For NMR, 0.3 mL of the sample solution was dissolved in 0.2 mL of benzene-d 6 and loaded in a quartz sample tube. GC−MS analysis was conducted on a Varian CP-3800 gas chromatograph coupled to a Varian 1200 L quadrupole mass spectrometer, for which the solid phase in the separation column is 5% diphenylpolysiloxane and 5% dimethylpolysiloxane. The precondition of the column was accomplished by injecting pure solvent DME at 320°C
. After that, the sample analysis was performed by injecting 1 μL of the sample solution with the column temperature at 250°C. In both cases, the flow rates of the carrier gas of helium were 1.3 mL/min.
2.4. Electrode Fabrication and Electrochemical Analyses. Swagelok cell electrodes were fabricated to assess the electrochemical properties of the synthesized Li 2 S. Electrode fabrication began by first drying the as-synthesized Li 2 S powder under argon in a tube furnace at 250°C for 20 h to completely remove DME and NAP used in the synthesis. After that, the dried Li 2 S (40 wt %), AB (45 wt %), and PVDF binder (15 wt %) were blended manually in a mortar. The resultant mixture was dispersed in a small amount of NMP and stirred overnight. Next, the obtained slurry was bladed onto a carbon paper (AvCarbP50) collector and dried at 110°C for 6 h. Then, the electrodes were cut into small disks of 10 mm diameter using a compact precision disk cutter (MTI Corp., MSK-T-07). The mass loading of Li 2 S was around 1.0 mg/cm 2 . For benchmarking purposes, identical procedures were used to fabricate electrodes employing commercial Li 2 S micropowders. Last, the half-cell batteries were assembled by using a lithium ribbon as the anode, a polypropylene membrane (Celgard 2500) as the separator, and 1.0 M LiTFSI in TEGDME as the electrolyte. Cyclic voltammograms (CVs) were collected on a potentiostat (Princeton Applied Research, Versastat 4). The cycling stability was assessed via the galvanostatic technique at 0.1 C (1 C = 1166 mA/g) by using an eight-channel battery analyzer (MTI Corp., BST8-MA). The specific capacity was calculated according to the mass of Li 2 S.
RESULTS AND DISCUSSION
3.1. Demonstration of the Synthetic Method. On the basis of our previous work of abating H 2 S with sodium naphthalenide (Na-NAP), 35 the Li 2 S synthesis reaction is expected to be eq 4 and will be verified step by step. Figure 1A plots the time evolution of the signal intensities from the carrier gas argon (black), the solvent DME (blue), and the reactant H 2 S (red) recorded by the online QMS, for a typical reaction using the stoichiometric molar ratio of Li-NAP:H 2 S = 2:1. Initially, the H 2 S/Ar mixture flowed through a bypass line to establish a baseline reading. When the bypass was closed at t = 127 s, both argon and H 2 S fall exponentially with a time constant characteristic of the gas dynamics of the sampling apparatus. At t = 195 s, the inlet and outlet valves of the reactor were opened simultaneously, and the argon signal immediately returns to its original value, accompanied by a step change in the signals associated with the volatile DME solvent. In stark contrast, the H 2 S signal continues to exponentially decay, eventually dropping below the instrument's detection limit. This indicates that the H 2 S supplied has been consumed at least 99.9%. The mass spectrum recorded from the effluent ( Figure  1B, red) shows no signals of H 2 S across the mass/charge (m/z) range of 32−34, while that recorded from the bypass mode ( Figure 1B, black) shows the expected signals of H 2 S evidently. Thus, the consumption of H 2 S through its reaction with Li-NAP is demonstrated to be spontaneous, complete, and nearly instantaneous, as previously observed for the Na-NAP system. 35 As shown in Figure 1C (red) , the XRD pattern of the obtained solid product is well consistent with that of the Li 2 S standard (black), indicating the successful generation of anhydrous, phase-pure, crystalline Li 2 S. According to the Scherrer equation, which correlates crystalline domains with the peak width, Li 2 S crystals are ∼5 nm in diameter. 36 The SEM image ( Figure 1D ) shows that Li 2 S nanocrystals aggregate as secondary particles of ∼100 nm. The 1 H NMR spectrum of the liquid phase, obtained by using benzene-d 6 as the solvent, is shown in Figure 2A . Besides the expected benzene, DME, and NAP, 37 three peaks at 6.91− 5.66 ppm are assigned to the hydrogen atoms at positions a and b of 1,4-dihydronaphthalene. 38 The signal of the hydrogen atoms at position c is expected to show up at 3.3−2.9 ppm but is masked by the intense signal of DME. The chromatogram recorded by GC−MS ( Figure 2B) shows two peaks. The corresponding MS spectra can be indexed to 1,4-dihydronaphthalene and NAP, respectively. 39, 40 Thus, the characterization results shown in Figures 1 and 2 prove that the Li 2 S synthesis follows eq 4, as previously observed for the Na-NAP system. 35 Note that this synthetic method enables facile operation/ separation because the reactants and products exist in different phases.
Then, we tested the effect of the molar ratio of Li-NAP/H 2 S on the Li 2 S synthesis ( Figure S2 ). At the ratios of 3:1 and 1.5:1, the solid products were also phase pure anhydrous Li 2 S nanocrystals with comparable sizes and shapes as in the case of the stoichiometric 2:1. Differently, in the case of 1:1, which was expected to produce LiHS, no solid product was observed in the reaction system. After evaporation of the solvent, only a gellike substance was obtained, showing no sign of crystals. 1 H NMR did not produce any meaningful signals that could be assigned to known compounds. We believe that this is because LiHS fully dissolves in DME and exists in some unknown complex form. For example, it is known that LiHS cannot precipitate out of ethanol but forms a LiHS/ethanol complex. 41 The comparison with our previous work indicates that LiHS has higher solubility/complexity in DME than NaHS. 35 These results demonstrate the robustness of this synthetic method to produce phase-pure Li 2 S nanocrystals, and for practical operation, the use of a stoichiometric mixture is ideal to fully consume H 2 S while maximizing the conversion of lithium to Li 2 S.
3.2. Structural and Electrochemical Analyses. The synthesized Li 2 S nanocrystals (denoted as s-Li 2 S) were further characterized after drying to remove residual organics. The TGA plots in Figure 3A show that s-Li 2 S (red) has a purity comparable to that of the commercial Li 2 S micropowders (denoted as c-Li 2 S, blue), as indicated by their nearly identical weight-loss profiles, of which the overall difference is only 1%. We speculate that the abrupt weight loss at about 400°C is likely to result from the decomposition of some unknown impurities because the melting point of pure Li 2 S is above 900°C . 19 Possible culprits include lithium hydroxide (LiOH), hydrogen sulfide (H 2 S), and lithium carbonate (Li 2 CO 3 ), 16, 42 which could be formed via the reaction between trace amounts of H 2 O and CO 2 with Li 2 S during sample storage and handling in the glovebox and environment. 43 The slight weight increase before 400°C may be ascribed to the reaction of Li 2 S with trace amounts of H 2 O, O 2 , and/or CO 2 in the carrier gas, which results in a greater reaction in the case of s-Li 2 S due to its larger surface/volume ratio than c-Li 2 S. XRD patterns in Figure 3B indicate a slight growth of the crystalline sizes for s-Li 2 S from the original 5 nm to the present 20 nm after heat treatment, according to the Scherrer equation, but still much smaller than that of c-Li 2 S (50 nm). Note that the estimated crystalline sizes denoted here provide a lower bound and are primarily used as a relative comparison among the different Li 2 S materials because use of the Scherrer equation assumes that the nanosize effect is the only (or predominant) factor in peak broadening. 44 The crystal growth of s-Li 2 S during annealing is also corroborated by the SEM image in Figure 3C , which includes more secondary particles without clear boundaries among nanocrystals. In contrast, c-Li 2 S exists mainly as irregular microparticles of about 1−5 μm diameter with some smaller particles of about 100 nm, as shown in Figure 3D .
The electrochemical properties of both s-Li 2 S and c-Li 2 S were examined in half-cells according to the slurry protocol described in the Experimental Section. Parts A and B of Figure  4 show the first four cycles of the CVs of s-Li 2 S and c-Li 2 S, respectively. The observed results are consistent with the typical behavior of Li−S batteries reported in the literature. 32, 45 As is widely known, the material's speciation cycles between two extreme states of sulfur (S 8 ) at 1.5 V and Li 2 S at 3.0 V through reactions (5)−(9). 
In the case of s-Li 2 S, the initial open-circuit potential (OCP; 2.40 V vs Li/Li + ) that lies between 3.0 and 1.5 V can be ascribed to self-delithiation of Li 2 S to lithiate the carbon additive, whose OCP is about 2.9 V. 46 In the first half-cycle, the anodic current with a weak peak at 2.57 V (peak I) corresponds to delithiation of Li 2 S to form sulfur. 11, 24 In the subsequent cathodic scans, three characteristic peaks are observed at ca. 2.44 V (peak II, strong), ca. 2.12 V (peak III, weak), and 1.94 V (peak IV, very strong), respectively. 11, 24 Peak II is typically assigned to the reduction of S 8 to polysulfides (Li 2 S n , where n = 4−8) in three steps (eqs 5−7). Peak III is believed to result from the reduction of Li 2 S 4 to insoluble Li 2 S 2 (eq 8).
11 Peak IV is due to the conversion of Li 2 S 2 to Li 2 S (eq 9). 11 In contrast, the subsequent anodic scans only have two distinguishable peaks at 2.39 V (peak V) and 2.53 V (peak VI), which correspond to the oxidation of Li 2 S first to polysulfides and subsequently to S 8 , respectively. The steady peak potentials and current intensities during the illustrated cycles in Figure 4A manifest the good stability and reversibility of the s-Li 2 S electrode. The electrochemistry of the commercial c-Li 2 S is quite similar because the six peaks just described are readily identified ( Figure 4B ). The prominent difference between the two materials is their stability. In the case of c-Li 2 S, the anodic (cathodic) peaks shift more positive (negative) and the current intensities consecutively increase over the first few cycles, indicating the inferiority of c-Li 2 S to s-Li 2 S in electrolyte wettability and electrochemical reversibility. 47 The galvanostatic technique was employed to assess the cycling stabilities ( Figure 5 ) of s-Li 2 S (red) and c-Li 2 S (blue) electrodes in both the charge (solid circles and squares) and discharge (open circles and squares) processes. s-Li 2 S is superior to c-Li 2 S in all regards. The initial charge (delithiation) and discharge (lithiation) capacities for s-Li 2 S are 724 and 669 mAh/g, respectively, which compare well with the theoretical limit of 1166 mAh/g considering that electrode fabrication was not optimized. 4 The performance gradually declines, and the half-life, defined as the cycles spent to reach 50% of the initial charge capacity, is 45 cycles for s-Li 2 S. Because Li 2 S is in the fully lithiated state, the Coulombic efficiency (CE) is defined as the ratio of lithiation (discharge) capacity to the delithiation (charge) capacity. 48 The s-Li 2 S displayed 92% CE in the first cycle and then quickly increased to 98−100% in all subsequent cycles.
In contrast, the initial charge capacity of the c-Li 2 S is only 272 mAh/g. The subsequent discharge capacity contributes 356 mAh/g, resulting in a "abnormally" high CE (CE = 356/272 = 131%), which may be ascribed to the compensation for the loss of Li due to self-delithiation before the measurement and the dissolution of polysulfides during the discharge process, as pointed out in the literature. 49−51 In the second cycle, the charge capacity bounces to 424 mAh/g. The CE values in the subsequent cycles are comparable with those of s-Li 2 S. The stability c-Li 2 S declines in a similar fashion but reaches its halflife after only 23 cycles. The differences in the initial CE and stability suggest that s-Li 2 S particles, compared with c-Li 2 S particles, are better protected by the additives used in electrode fabrication because of their smaller particle sizes. Moreover, sLi 2 S herein also performs significantly better than c-Li 2 S in the literature (630 mAh/g for the initial capacity and 240 mAh/g at the 30th cycle). 9 Despite no optimization of the electrode fabrication procedure, the performance of s-Li 2 S synthesized in this work compares favorably with some s-Li 2 S particles in the literature. For instance, the Li 2 S−C nanocomposite made by reacting lithium sulfate with resorcinol/formaldehyde showed an initial capacity of 350 mAh/g and 300 mAh/g at the 30th cycle; 32 the Li 2 S−C nanocomposite made by thermally annealing a mixture of polysufilde Li 2 S 3 and polyacrylonitrile exhibited specific capacities of 500 mAh/g initially and 500 mAh/g at the 20th cycle; 27 the Li 2 S−C nanocomposite made by ball-milling Li 2 S micropowder and carbon precursor presented the specific capacity of 560 mAh/g initially and 420 mAh/g at the 30th cycle.
52 s-Li 2 S synthesized in this work displays a significantly higher initial (dis)charge capacity but inferior cycling stability. It is expected that the latter issue can be addressed through the optimization of electrode fabrication procedures, by following published strategies in the literature, 4,9,12,26,53−56 a topic of our future work.
As shown in Figure 6 , s-Li 2 S and c-Li 2 S present different potential profiles in the first half-cycle (black). With respect to s-Li 2 S, as highlighted by the inset of Figure 6A , a small potential barrier between 2.46 and 2.52 V is overcome to contribute the initial delithiation capacity of 50 mAh/g. After that, only one plateau at 2.42 V is observed to contribute the remaining 670 mAh/g before sharply rising to the cutoff potential 3.0 V. In contrast, the potential profile of c-Li 2 S (Figure 6B , black) exhibits a flat plateau at 2.50 V for the initial 200 mAh/g and a sloping plateau between 2.8 and 3.0 V for the remaining 70 mAh/g. The first plateau can be considered to be a consequence of encountering a continuous potential barrier.
The potential profile of s-Li 2 S described above confirms that this material does not require a significant potential to activate its charge capacity, consistent with literature reports for Li 2 S nanoparticles. 4, 12, 15, 24, 26, 57 However, Li 2 S micropowders reported in the literature require one to overcome a large activation barrier in the range of 3.5 and 4.0 V. 9 The activation process contributes only 48 mAh/g, while the subsequent plateau at 2.5 V can contribute as high as 600 mAh/g. 9 Thus, our c-Li 2 S electrode seems to behave partially like Li 2 S nanoparticles and partially like Li 2 S microparticles. When referring to our XRD result (which shows the crystalline sizes of c-Li 2 S to be ≥50 nm) and SEM observation (some particles are around 100 nm) in Figure 3 , we speculate that the capacity observed in the c-Li 2 S electrode be predominantly from those nano/submicroparticles; microparticles seem barely activated because of the requirement of higher cutoff potentials.
The potential profiles in the subsequent cycles corroborate the lithiation/deliathiation mechanism described in the discussion of the cyclic voltammetry results (Figure 4) . Both s-Li 2 S and c-Li 2 S show three distinguishable plateaus during the discharge processes and two plateaus during the charge processes. For s-Li 2 S (Figure 6A ), the discharge plateaus are at 2.45 V (eqs 5−7), 2.2 V (eq 8), and 2.06 V (eq 9); the charge plateaus are at 2.25 V (eqs 8 and 9) and 2.50 V (eqs 5−7). All of these values except 2.06 and 2.25 V are essentially consistent with the corresponding peak potentials in the CV ( Figure 4A ). The small differences in the positions of these two peak potentials between the galvanostatic and cyclic voltammetric processes (2.06 V vs 1.94 V and 2.25 V vs 2.39 V) can be explained by the different reaction kinetics and polarization effects. In the case of c-Li 2 S (Figure 6B ), while the charge plateau (2.25 V) is the same as that of s-Li 2 S, the discharge plateau (2.02 V) is slightly lower, which means that, in principle, s-Li 2 S could provide higher energy and power densities than c-Li 2 S. Moreover, it is worth noting that the potential hysteresis between the charge plateau (2.25 V) and the discharge plateau (2.06 V) for the s-Li 2 S electrode herein is only 0.19 V (lower than 0.23 V for c-Li 2 S), comparable with the smallest value reported in the literature (0.2 V), 12 where most values are in the range of 0.25−0.4 V. 4, 9, 11 Small hysteresis is desirable and indicative of high voltage efficiency.
The electrochemical analyses above show that the s-Li 2 S nanocrystals synthesized from reacting H 2 S with Li-NAP hold promise as electrode materials for advanced rechargeable batteries. They are superior to commercial c-Li 2 S in (dis)charge capacity, cycling stability, output voltage, and voltage efficiency. Despite simple electrode fabrication procedures, their performance is already comparable with some s-Li 2 S materials reported in the literature.
CONCLUSION
In conclusion, we have demonstrated a new method of synthesizing anhydrous Li 2 S nanocrystals and confirmed their promise as potential cathode materials for Li−S batteries and advanced LIBs. The synthesis is realized by reacting Li-NAP with H 2 S, a thermodynamically spontaneous reaction at ambient temperature and pressure that is fast, complete, and irreversible. Compared with the commercial Li 2 S micropowders (1-5 μm), the synthesized Li 2 S nanocrystals (100 nm) present a superior performance in all regards, including the (dis)charge capacity, cycling stability, output voltage, and voltage efficiency. These results clearly manifest the potential of this synthetic method for practical production of high-quality Li 2 S nanoparticles because it is conducted at mild conditions and Li 2 S is the only solid phase, facilitating separation and purification. Work is in progress to improve the battery performance through optimization of electrode fabrication and by tuning the morphology of Li 2 S nanocrystals through the judicious choice of alternative complexing reagents and solvents.
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